Abstract.-Over the last 30 million years, Australia's landscape has undergone dramatic cooling and drying due to the establishment of the Antarctic Circumpolar Current and change in global CO 2 levels. Studies have shown that many Australian organisms went extinct during these major cooling events, while others experienced adaptive radiations and increases in diversification rates as a result of exploiting new niches in the arid zone. Despite the many studies on diversification and biogeography in Australia, few have been continent-wide and none have focused on a group of organisms adapted to feeding on plants. We studied 162 species of cicadas in the Australian Pauropsalta complex, a large generic lineage within the tribe Cicadettini. We asked whether there were changes in the diversification rate of Pauropsalta over time and if so: 1) which clades were associated with the rate change? 2) did timing of rate shifts correspond to known periods of dramatic historical climate change, 3) did increases in diversification rate along select lineages correspond to adaptive radiations with movement into the arid zone? To address these questions, we estimated a molecular phylogeny of the Pauropsalta complex using ∼5300 bp of nucleotide sequence data distributed among five loci (one mtDNA locus and four nDNA loci). We found that this large group of cicadas did not diversify at a constant rate as they spread through Australia; instead the signature of decreasing diversification rate changed roughly around the time of the expansion of the east Antarctic ice sheets ∼16 Ma and the glaciation of the northern hemisphere ∼3 Ma. Unlike other Australian taxa, the Pauropsalta complex did not explosively radiate in response to an early invasion of the arid zone. Instead multiple groups invaded the arid zone and experienced rates of diversification similar to mesic-distributed taxa. We found evidence for relictual groups, located in pre-Mesozoic habitat, that have not diversified and continue to reside on mesic hosts in isolated "habitat islands". Future work should focus on groups of similar ages with similar distribution patterns to determine whether this tempo and pattern of diversification and biogeography is consistent with evidence from other phytophagous insects.
The aridification of Australia began in the early Cenozoic and accelerated in the last 33 Ma (Crisp et al. 2004) . Early in the Cenozoic water was plentiful throughout Australia, but over the course of ∼60 Ma, the majority of inland surface water has been lost (Mabbutt 1977) . The dramatic reduction in surface water has been caused by multiple compounding factors. First, Australia has little vertical relief and on average is 330 m above sea level (Goudie 2002) . This coupled with its northward migration and prevailing winds dramatically desiccated the interior of Australia. The transition of the earth's climate "from greenhouse to icehouse" at the end of the Eocene (33 Ma) coincided with a drop in global CO 2 levels, the establishment of the Antarctic Circumpolar Current (ACC), and the glaciation of Antarctica (DeConto and Pollard 2003; McGowran et al. 2004) . The last 30 myr has seen three major bursts of cooling and drying in Australia with concomitant biotic transitions (Crisp et al. 2004) . During interglacial periods, parts of coastal Australia were inundated by the sea to form inland waterways that were potential barriers to gene flow. For example, Gippsland Basin, a low-lying coastal region of Victoria, was repeatedly flooded by marine incursions, causing phylogeographic breaks in terrestrial vertebrates (e.g., Schauble and Moritz 2001; Chapple et al. 2005 Chapple et al. , 2011 Symula et al. 2008 ). In addition, dramatic floral turnover associated with glacial periods resulted in patchy distributions of plants and associated communities (Kershaw et al. 1994; Hill et al. 1999; Crisp and Cook 2013; Hill 2004) . The change in climate and flora created a new arid "adaptive zone" (Simpson 1944 )-equal to about 70% of Australia's land area (Byrne et al. 2008) . We hypothesize that new arid zone niches had significant effects on species abundances and distributions (Simpson 1944) . Data from two scincid lizard clades support this idea (e.g., Rabosky et al. 2007) .
Here, we examine the effect of aridification on diversification and biogeographic patterns in a large plant-feeding cicada lineage, the Pauropsalta complex (Hemiptera: Auchenorrhyncha: Cicadidae). In this article, we aim to answer the following questions: 1) did the ancestor of this large endemic clade of cicadas originate in a warmer, wetter, mesic (i.e., not xeric but not hydric), Australia more than 33 Ma? 2) Are there time-dependent signatures of diversification rate change in the Pauropsalta complex corresponding to Antarctic ice sheet expansion? and 3) does this group of cicadas respond to the same biogeographic barriers that have been characterized for other animals?
Details of Australia's Cenozoic Climatic History
The ACC originated ca. 33 Ma after continental movement resulted in the deepening of the Tasman 569 570 SYSTEMATIC BIOLOGY VOL. 66 Seaway between Australia and Antarctica and the opening of the Drake Passage between South America and Antarctica (Scher and Martin 2006) . Its generation in the early Oligocene began a pattern of major ice sheet formation and retraction in the Southern Ocean and Antarctica (McGowran et al. 2004) . Although the date of opening of the Tasman Seaway (38-32 Ma) is well established (Kemp 1981; Woodburne and Case 1996) , the actual date of the opening of the Drake Passage is uncertain with dates ranging from 45-22 Ma (Barker and Burrell 1977; Lawver and Gahagan 1998; Scher and Martin 2006; Cristini et al. 2012 ). Thus, is it not clear whether the opening of the Drake Passage immediately led to the establishment of the ACC and the temperature drop at the Eocene-Oligocene boundary ∼33 Ma. Other studies (DeConto and Pollard 2003) argue that a drop in global CO 2 concentration at that time played a significant role. Recent dating of piston cores in the Southern Ocean suggest the ACC did not gain substantial speed until 25-23 Ma (Lyle et al. 2007) .
Over the last 50+ myr the Australian continent has changed from a warm wet landscape dominated by warm-and cool-temperate rainforest to a landscape that is cooler and drier (65-70% arid) (Mabbutt 1977; Kemp 1981; Martin 2006) . This transition was the result of three main cooling/drying events that have occurred during the last ∼33 Ma (McGowran et al. 2004) . Paleoclimate and fossil records show that, prior to the separation of Australia from Antarctica (38-32 Ma), southeastern Australia was dominated by cool temperate rainforest, reminiscent of the aseasonal-wet rainforest currently found along the eastern coast of mainland Australia and Tasmania (Kemp 1981; Hill et al. 1999; Crisp et al. 2004) . Oligocene pollen records also show that central Australia, which is now the arid biome, was inhabited by sclerophyll flora such as Acacia and Eucalyptus resembling the present-day monsoonal tropics (Kemp 1981; Hill et al. 1999; Crisp et al. 2004) .
The formation of the Antarctic ice sheets beginning in the late resulted in a drastic temperature drop, with sea-surface temperatures near freezing around Antarctica (Kemp 1981; Martin 2006) , but by the Early Miocene (23-20 Ma) the temperature of Australia began to increase as the Antarctic ice sheets receded (Byrne et al. 2008 ). This period is thought to have been warmer and wet, as suggested by pollen counts favoring cool-temperate rainforest flora (Galloway and Kemp 1981; Martin 2006) . However, the climate was probably seasonal since parts of the Lake Eyre Basin showed signs of aridity with the lessening of carbonaceous sediments and increased dolomite deposits (Martin 2006) .
From the Mid-to late Miocene (14-5 Ma) the temperature decreased drastically with an increase in aridity, most likely due to the expansion of the western Antarctic ice sheets (Crisp et al. 2004; McGowran et al. 2004) . Consequently, sclerophyll forests began replacing south-east temperate rainforest and central Australia saw the expansion of chenopod scrubland (Martin 2006; Byrne et al. 2008 ).
When the Antarctic ice sheets retreated in the early Pliocene (5 Ma), Australia became warmer and wetter again, but only for a short time. After that, much of Australia became cooler and drier due to northward movement of the Antarctic Convergence-the line where cold Antarctic ocean water meets relatively warmer subAntarctic water (Bowler 1982) . Stony and sandy deserts began to form at this time (Fujioka et al. 2009 ). Australia continued to dry out throughout the Pleistocene to the present as glacial cycle periodicity increased (Byrne et al. 2008; Fujioka et al. 2009 ).
Australian Biogeographic Regions
Despite the absence of significant elevational topography, Australia exhibits a large number of biogeographic subdivisions. Cracraft (1982 Cracraft ( ), 1986 provided a list of hypothesized vicariance barriers based on bird distributions, with most attributed to marine incursions during interglacial periods and habitat heterogeneity caused by aridification (Cracraft 1982) (Supplementary Fig. S5 , available on Dryad at http://dx.doi.org/10.5061/dryad.1580p). More recently, studies have focused on the effects of a select few barriers, primarily in plant and vertebrate taxa. For example, Crisp and Cook (2007) and Unmack et al. (2011) examined the timing of the aridification of central Australia by estimating the divergence times separating southeast and southwest temperate flora and fauna. The southeast and southwest temperate faunas were one continuous mesic environment until the arid zone expanded southward to contact the treeless Nullarbor Plain 14-13 Ma (Crisp and Cook 2007) . Additional studies of vicariance barriers have focused on the Gulf of Carpentaria Gap, where marine incursion from the Gulf of Carpentaria may have separated flora and fauna in Northern Territory's Top End from that in Cape York Peninsula 0.27 Ma (Lee and Edwards 2008; Fujita et al. 2010) .
Other recent Australian biogeographic studies have focused on how the formation, expansion, and contraction of biomes have altered diversification rates and shaped species richness. For example, Rabosky et al. (2007) suggested that the arid zone was an adaptive driver leading to the tremendous species richness of two arid-distributed genera of skinks. Other studies have focused on a shallower level and examined how refugia and drainage basins within the arid zone have led to the diversification of geckos (Pepper et al. 2011a (Pepper et al. , 2011b (Pepper et al. , 2011c .
The Pauropsalta Complex
The Pauropsalta complex was once thought to include primarily one genus; however, two recent revisions have distributed the morphological diversity within this clade among 11 genera (Moulds 2012; Owen and Moulds 2016) . In addition, a molecular phylogeny of FIGURE 1. A map of Australia showing the records of all taxa included in this study in relation to the arid zone. Specimen records included are from Simon Lab (UConn) collecting records, and private and museum collections with significant Australian holdings. Arid zone is gray and delineated based on an evaporation rate 0.4. the group has been published (Owen et al. 2015) . All species within this lineage are endemic to Australia, with the exception of Palapsalta eyrei, which has extended its distribution to include New Guinea (Ewart 1989; 1999) . Furthermore, morphological re-examination of "Pauropsalta" species from the Philippines, New Caledonia, the Mediterranean Region, and South Africa determined that they were misclassified (Moulds 2012) . The species of all 11 genera are distributed throughout mainland Australia or Tasmania and the cumulative distribution of all species includes all biomes (Fig. 1) . Pal. eyrei is the only species known to occur in the aseasonal wet forest along the east coast of Australia, while predominantly occurring in tall eucalypt open forests and woodlands (Ewart 1989) . Species in the Pauropsalta complex feed on xylem typically from Eucalyptus (Myrtaceae: Eucalypteae) species or spinifex grasses (Poaceae: Triodia) (Moulds 1990; Owen and Moulds 2016) , but associations with other plants have been noted (Popple and Walter 2010) . Members of the genus Gudanga (10 described species), one of two outgroup genera in this study, typically feed on Acacia (Moulds 1996; Ewart and Popple 2013) , but associations with Eucalyptus have been observed (Ewart and Popple 2013) . The other outgroup genus, Uradolichos (two described species), is known to be associated with Eucalyptus (Owen and Moulds 2016) . In general, cicadas are associated with habitats and plant communities rather than specific host taxa (e.g., Phillips and Sanborn 2007) , but some hostspecific examples exist (e.g., Emery et al. 2005) . Given that the Pauropsalta complex is confined to Australia and relies on plant hosts, this large clade of cicadas provides an excellent system to study biogeography and diversification with respect to the aridification of Australia.
MATERIALS AND METHODS

Taxon Sampling and DNA Extraction
This study builds upon the data set produced by Owen et al. (2015) . Here, we include 18 undescribed species for a total of 162 species including outgroup taxa (Table 1) . These undescribed species are diagnosable by unique male calling song and/or unique male genitalia characters compared with described species (Moulds 2012; Owen and Moulds 2016 ). All but nine described Pauropsalta complex species are included; five of the unrepresented nine are not endemic to Australia and are thought not to belong in the complex based on adult morphological characters (Moulds 2012; Owen and Moulds 2016) . Fresh tissue was not available at the time of this study to include these nine taxa in the molecular analyses. Specimens were stored in 95-100% ethanol upon collection and stored at −20°C until DNA was extracted. Genomic DNA was extracted using Qiagen Dneasy Tissue kits (Qiagen, Valencia, CA) Gene Sequencing and Alignment The 18 undescribed species included here were sequenced for the five loci included in Owen et al. (2015) using the same protocols. Briefly, the target loci include the mitochondrial gene cytochrome oxidase c subunit 1 (COI, ∼1500 bp) and four nuclear loci including elongation factor 1 alpha (EF1a, ∼700 bp), acetyltransferase (ARD1, ∼700 bp), glutaminyl tRNA synthetase, (QtRNA, ∼1100 bp), and Period (Per, ∼600). EF1a contains introns and exons and Per is intron-only sequence, whereas ARD1 includes a portion of the 5 -UTR region and an exon and QtRNA is all coding sequence and a portion of an exon. Indelligent Rakitov 2008a, 2008b ) was used to identify alleles, detect insertions and deletions in the sequenced loci, and choose the longest allele to represent the species. DNA sequencing was performed on an ABI 3730, while raw sequence data were edited in Geneious (Biomatters, New Zealand), aligned using MUSCLE (Edgar 2004) , and adjusted by eye in Mesquite v.2.75 (Maddison and Maddison 2016 
Model Selection and Phylogeny Estimation
Each gene and non-coding region was separated into the following subsets: 1st, 2nd, and 3rd codon positions of protein-coding genes, introns, and UTR for each locus, and then PartitionFinder (Lanfear et al. 2012) was used to identify the best combination of partitions to model sequence evolution. A heuristic search of subset groupings was conducted to identify the best partitioning scheme followed by estimating the bestfit sequence model. Competing models were compared using the Bayesian Information Criterion.
Phylogeny estimation was conducted using maximum likelihood (ML) and Bayesian inference (BI). ML analyses were conducted in GARLI v.2.0 (Zwickl 2006 ) using the partitions identified in the PartitionFinder analysis. Five ML analyses were conducted from random starting trees to ensure tree searches did not become trapped in local optima. BI analyses were run in MrBayes 3.2 (Altekar et al. 2004; Ronquist et al. 2012 ) using the closest model identified in the PartitionFinder analysis according to the number of substitution types (MrBayes command: lset nst). BI analyses were run for 35 million generations with model partitions unlinked to allow separate model parameter estimation for model partitions (Marshall 2010) . The exponential branch length prior was estimated as suggested by Brown et al. (2009) to combat the overestimation of overall tree length (Brown et al. 2009; Marshall 2010) . Stationarity and convergence were determined by plotting likelihood estimates and other model parameters against generation time and obtaining a potential scale reduction statistic (PSRF) ∼1.0. Samples from the posterior distribution before stationarity were removed as "burn-in". Preliminary runs of MrBayes showed poor mixing of the alpha parameter; therefore, chains were adjusted to accept smaller proposals by adjusting the propset command using the following settings: Dirichlet(Ratemultiplier{all}) $prob = 4 Dirichlet(Ratemultiplier{all}) $alpha = 3.000.
Recent research suggests that estimating a species tree should include methods that accommodate genetree/species-tree incongruence due to the coalescent process (Heled and Drummond 2010) ; however, when taxon sampling is small (e.g., Huang et al. 2010) , the number of genes is not large, or cladogenesis is rapid resulting in incomplete lineage sorting (e.g., Degnan and Rosenberg 2009) there will be few parsimony informative sites (e.g., Betancur-R et al. 2014 ) and therefore and the species tree estimated from gene-tree/species-tree methods is likely to be inaccurate. To accommodate the coalescent process, we estimated a species tree using the NJ st method (Liu and Yu 2011) in STRAW (Shaw et al. 2013) . The NJ st species tree method estimates a species tree using neighbor-joining and a distance matrix composed of internode distance between taxa from multiple unrooted gene trees. We estimated gene trees in GARLI. NJ st requires all gene trees to be bifurcating; therefore, gene tree polytomies were randomly resolved using the R programming language library APE (Paradis et al. 2004 ).
Chronogram Estimation
We attempted to estimate the chronogram using BEAST 1.7.4 (Drummond et al. 2006 ), but preliminary results revealed unexpectedly old divergence time estimates. For example, based on a strict molecular clock analysis using 2.3% divergence among lineages per million years for COI (Brower 1994 ) (i.e., 0.0115 substitutions/site per lineage), our mean root age estimate is approximately 33 Ma. However, when using the same Brower rate calibration in BEAST 1.7.4 under a diversity of available parametric prior distributions for the tree models and substitution parameters, our root height was estimated to be ∼100 Ma. This is not believable because it is close to the age of the oldest Cicadidae nymph in amber (Poinar and Kritsky 2012) and the estimated date of the common ancestor of cicadas and cercopids (Misof et al. 2014) . The attempted prior tree models included the Yule and the Birthdeath model. To provide parameter estimates for the tree models and all substitution model parameters, we estimated likelihood values for each parameter using the ML tree and branch lengths and provided BEAST with intervals that included up to ±40% of the likelihood estimate. We expect the rates to vary within the phylogeny; however, not by 3×.
Recent studies have shown that the inclusion of fastevolving sites may cause the elevated divergence times that resulted from the BEAST analysis. For example, Phillips (2009) described this extreme divergence estimate as potentially reflecting the underestimation of the gamma parameter of the substitution model of fast sites leading to increased age estimates deeper in the tree when rooting chronograms. To determine whether this was a potential cause of our inflated divergence times, we eliminated the fastest 1% of sites in the alignment. We identified these fast-evolving sites using TIGER (Cummins and McInerney 2011) , where site rate is approximated without the aid of a phylogeny by inferring relative rates based on unique site patterns in the alignment. We generated 100 site rate categories and those that fell into the highest rate category were excluded from divergence time estimation analyses. Thirty-six sites fell in the fastest rate category. Unfortunately, eliminating them from the analyses, while using the COI rate prior, had no effect on the deep root height. Although it is possible that removing a larger fraction of the fastest sites might have influenced the age estimates, it is important to note that we did not want to remove all COI third positions because Owen et al. (2015) found that many are evolving at a reasonable rate and are informative for this group of cicadas. Brandley et al. (2011) suggested excessive age estimates may be due to model misspecification when combining mtDNA and nDNA. They showed that assigning a partition to each codon position of mtDNA loci had a dramatic effect on the root height and ultimately lowered it to an age they deemed reasonable. We modeled COI, the only mtDNA gene in this study, with a separate 577 partition assigned to each codon position; however, our root height remained ∼100 Ma.
The failure of these data modifications to reduce the root height (age) prompted us to use penalized likelihood implemented in r8s (Sanderson 2002) , where rates along branches are not chosen from a prior distribution, but are instead determined based on the rate of parent branches and a smoothing parameter. We rate-smoothed our tree using a smoothing parameter estimated by evaluating a range of smoothing parameter values and choosing the optimal one according to a cross-validation procedure (Sanderson 2002) . To provide divergence time intervals for each node of the chronogram, we then calibrated the root height according to the molecular clock estimate of 2.3% My (i.e., 0.0115 substitutions/site/my per lineage) of Brower (1994) . In order to do so we constrained the root height according to the lowest and highest percent divergence between taxa separated by the root; therefore, taking the smallest and largest divergence among two taxa separated by the root and converting that to millions-of-years given the 2.3%/Ma calibration. More recently, Marshall et al. (2016) have suggested additional ways of correcting for divergence date inflation under molecular clocks, including the use of slower-evolving clock markers and extrapolation of scaled dates from analyses of younger subclades.
Trait-Dependent Diversification and Ancestral Biome Reconstruction
Estimation of the ancestral biome was conducted in two steps. First, we compiled all known locality data for the species used in this study to designate each taxon as either "arid" or "mesic". These data consisted of museum specimen records, DNA voucher specimens, and aural records. A total of 1613 specimen localities for 162 species were collected. To classify each locality according to biome, first we plotted these localities in ArcGIS 10.0 (2011, Environmental Systems Research Institute). Next, we used the mean annual rainfall BioClim climate layer (Hijmans et al. 2005) at 30s resolution and a mean annual evaporation climate layer (Australia Department of Agriculture) to estimate an arid zone layer, which has a moisture index (rainfall/evaporation) 0.4.
Arid adapted trait-dependent diversification was estimated using the Binary State Speciation and Extinction (BiSSE) model (Maddison et al. 2007 ) in the R programming module diversitree (FitzJohn et al. 2009 ). The BiSSE model of binary trait evolution uses a speciation and extinction parameter for each character state and two transition rates for model testing and parameter estimation in both a ML and BI framework. This model was used to assess whether diversification rates differ between those taxa in the arid zone versus those taxa in the mesic biome by constraining ML estimates of speciation and extinction parameters and transition rates and comparing models with the chi-square test using their estimated likelihood value. The posterior density of the best-fit model parameters was also estimated in a Bayesian analysis. The MCMC was run for 10,000 steps with an exponential prior rate of (1/2r), where r is independent diversification rate. Furthermore, we used the best-fit BiSSE model to estimate the ancestral biome.
Diversification Models and Time-Dependent Diversification
To determine whether this group radiated through Australia at a constant rate, we first assessed whether branching times fit a pure-birth Yule model using the Monte Carlo Constant Rates Test (Pybus and Harvey 2000) . Studies have shown that this test is sensitive to nonrandom sampling and missing taxa (Brock et al. 2011; Hohna et al. 2011; Cusimano et al. 2012) ; therefore, we chose to account for missing taxa using birth-death chronogram simulations (Cusimano et al. 2012) . We simulated constant rate birth-death chronograms using CorSim (Cusimano et al. 2012 ) assuming 5% missing taxa based on those described and undescribed species missing from the phylogeny. As required by the CorSim constant rate birth-death chronograms, we supplied the age of the youngest genus-8.12 Ma old based on our chronogram estimation and the taxonomy presented in Owen and Moulds (2016) . The observed gamma statistic was compared with the null distribution of 1000 simulated birth-death trees using the Ape module (Paradis et al. 2004 ) in R Core Team (2016).
We used a coalescent approach that included seven diversification models with time constant and temporal variations of speciation and extinction (Morlon et al. 2010 (Morlon et al. , 2011 ) to estimate which model best describes the tempo of diversification of the Pauropsalta complex over time as aridification progressed. This approach starts at the tips of the phylogeny and uses branch lengths to determine the likelihood parameters of time-constant or time-varying speciation and extinction models. This method also allows for missing taxa. Each of the seven different diversification models were fit to our consensus chronogram (Morlon et al. 2010) .
To assess whether time-dependent speciation and extinction rates varied in concert with Australia's historical climate events, we estimated diversification rate shifts using ML in TreePar (Stadler 2011 ). This method moves across a chronogram in intervals and for each interval estimates birth and death rates, while accounting for missing taxa. At the end of a cycle, the divergence time of the largest change in rate is recorded with the likelihood of the model. This process is continued for additional cycles with each cycle adding one more diversification rate change to the model, while conditioning on the rate changes previously identified in earlier iterations. A chi-square test was used to compare alternative models with different numbers of rate changes with three degrees of freedom. We set the maximum number of diversification rate changes to 4 because we did not expect more rate changes due to the three major cooling events described above. We 578 SYSTEMATIC BIOLOGY VOL. 66 estimated a birth-death model at 1 Ma intervals because the general timeframes for all major cooling events are in integers of myr.
We also estimated the diversification rate of each genus by plotting the standing species diversity of each genus at its temporal origin and compared it with the background diversification of the entire Pauropsalta complex (Magallon and Sanderson 2001) . Estimating diversification via this method eliminates the effects of clade age on the total number of species in a clade and allows the species diversity within clades to be directly comparable to one another. To determine whether clade age has an effect on species diversity, we plotted species diversity versus clade age for each genus. Confidence intervals (CIs) were obtained using the formulas of Magallon and Sanderson (2001) for a crown group. Upper 95% CI were estimated assuming 170 extant species and an extinction fraction (extinction/speciation) of 0.90, while the lower 95% CI was estimated using 170 extant species and an extinction fraction of 0.0. Those genera that fall above the upper 95% CI of the expected background diversification rate are considered to have diversified at a relatively high rate, while those genera that fall below the lower 95% CI are considered not to have diversified given the model expectations of the clade. In addition, we graphically represented species accumulation through time using lineage-through-time plots of the entire chronogram and of each genus separately.
RESULTS
Sequence Alignment and Model Selection
The addition of 18 undescribed species to the study of Owen et al. (2015) had little effect on the alignment and model selection from their previous study of the Pauropsalta complex. The total concatenated gene sequence alignment length was 5519 bp and included missing data in the form of missing taxa for some genes (Table 2 ) and insertions/deletions in the non-coding sequence. The alignment length is 3 bp longer than the alignment of Owen et al. (2015) due to an insertion in an EF1a intron. The chi-squared test of compositional heterogeneity significantly deviated from homogeneity only for COI 3rd pos (all sites and just informative sites), as seen in Owen et al. (2015) ( Table 2 ). The GenBank accession numbers are KY042148-KY042225 and the Dryad link is http://dx.doi.org/10.5061/dryad.1580p.
PartitionFinder identified nine partitions: a separate partition for each codon position of COI, a partition for ARD1-UTR and EF1a 1st and 3rd positions, a partition for ARD1 1st and 2nd positions and EF1a 2nd positions, a partition for ARD1 3rd positions, a partition for QtRNA 1st and 2nd positions, a partition for QtRNA 3rd positions, and partition for EF1a and Per introns ( Table 2 ). The addition of 18 taxa did not change the partitioning scheme or models of sequence evolution compared with Owen et al. (2015) . Models assigned to each partition according to the BIC are listed in Table 2 along with ML and BI substitution model parameter estimates.
Phylogeny and Divergence Time Estimation
The BI analysis converged after a burn-in of 5 million generations. The ML and BI concatenated phylogeny reconstructions are congruent with Owen et al. (2015) ( Supplementary Fig. S1 , available on Dryad). Both analyses recovered the same general phylogeny as Owen et al. (2015) , including similar branch support for most clades. For example, both BI and ML analyses support all but four genera. There remains no support for the monophyly of the genus Pauropsalta ( Supplementary Fig.  S1 , available on Dryad). Furthermore, both Falcatpsalta and Nanopsalta continue to be paraphyletic; however, no new taxa have been added to these two genera compared with the Owen et al. (2015) study.
The nDNA-only phylogeny differs from the mtDNAnDNA phylogeny in a few places. The major difference is the mtDNA-nDNA phylogeny recovers Pau. mneme and Pau. "nr mneme" sister to Pauropsalta, but this is unsupported ( Supplementary Fig. S1 , available on Dryad), whereas the small clade of Pau. mneme and Pau. "nr mneme" is sister to all genera except Gudanga and Uradolichos in the nDNA-only phylogeny ( Supplementary Fig. S2 , available on Dryad). The uncertainty of the placement of this clade relative to the outgroup is causing conflicting support for the monophyly of Pauropsalta. Another conflicting relationship between the two data sets is Pau. infuscata is sister to Pau. juncta in the nDNA-only phylogeny, while Pau. infuscata is supported by the Bayesian phylogeny of the mtDNA-nDNA data set as sister to a large group of Pauropsalta species (Supplementary Figs. S1 and S2, available on Dryad).
Other differences between the nDNA-only and mtDNA-nDNA phylogenies include the recovery of both Neopunia and Punia as non-monophyletic in the nDNA-only phylogeny ( Supplementary Figs. S1 and S2, available on Dryad). In both phylogeny estimates all genera are recovered as monophyletic except for Pauropsalta, Neopunia, Punia, and Falcatpsalta.
The NJ st species tree reflects the incongruence between the mtDNA-nDNA data set and the nDNAonly data set. For example, the NJ st species tree does not support a monophyletic Pauropsalta, Punia, and Neopunia ( Supplementary Fig. S3 , available on Dryad). In addition, it does not support a monophyletic Atrapsalta, which is sister to Graminitigrina in the mtDNA-nDNA and nDNA-only data sets and both data sets support the sister relationship in both the ML and BI analyses.
A cross-validation analysis to determine the optimal smoothing parameter for the penalized likelihood analysis indicated a value of 1.0 as the best smoothing parameter. Subsequent penalized likelihood analyses using 1) this smoothing value, 2) the concatenated data set tree topology, and 3) a root calibration with the 
Trait-Dependent Diversification and Ancestral Biome
Reconstruction Mapping taxon distributions resulted in the identification of 39 out of 162 taxa whose distributions include the arid zone ( Figs. 1 and 2 ). Using this information to reconstruct the ancestral state of the root resulted in a high probability that the root state is of mesic ancestry (P = 0.99) (Fig. 2) . The BiSSE full model was preferred over those with equal speciation rates and equal extinction rates. The mean speciation rate was estimated to be higher in the mesic biome (0.090) than the arid zone (0.070), whereas the rate at which the state changes from mesic to arid along the branches of the phylogeny was 0.012 and greater than state changes from arid to mesic (0.008) (Fig. 2) . The 95% credible interval of the arid taxa diversification rate posterior distribution included the 95% credible interval of mesic-distributed taxa.
Time-Dependent Diversification Rate Analyses
The results of the Monte Carlo Constant Rates analysis (accounting for missing taxa) reject the null hypothesis that the data are best described by a single rate of speciation through time ( Supplementary Fig.  S4 , available on Dryad). All gamma values for the 1000 simulated trees ranged from −5.59 to −6.35, whereas the P-values ranged from 1.08e −10 to 1.12e −08 ( Supplementary Fig. S4 , available on Dryad). The incongruence of the single speciation rate can also been seen in the shape of the lineage-through-time plot (Fig. 3) . There is an early increase in diversification followed by a slow down in diversification rate (Fig. 3) . In addition, most LTT plots of the individual genera follow a similar trend (Fig. 3) ; however, for 25-17 Ma the species diversity in the genera Falcatpsalta, Nanopsalta, and Relictapsalta has not increased to more than two species and so these generic plots are not included in Fig. 3 ; Fitting the chronogram to seven alternative diversification models that include time-varying extinction and speciation resulted in a birth-death model that includes constant speciation and time-varying extinction (AICc =−212.30) ( Table 3) . Likelihood comparisons using chi-squared tests among alternative models of temporal changes in diversification suggest the best model includes three constant birthdeath rates and two temporal changes in diversification rate (P = 0.01) ( Table 4 ). The changes in diversification rate occur at approximately 3 Ma and 13 Ma. Turnover rates (extinction/speciation) were the highest between the terminal nodes and 3 Ma with a turnover rate of 3.07 and the lowest between 3.0 Ma and 13.0 Ma with a turnover rate of 8.83e −05 (Table 4) .
Plotting standing clade diversity against clade age and comparing it with the background diversification rates of the entire Pauropsalta lineage revealed that no genus has diversified significantly more than the expected diversity given the clade age, species diversity, and low and high relative extinction (Fig. 4) . Three genera-Falcatpsalta, Nanopsalta, and Relictapsalta-show significantly less diversity than expected (Fig. 4) . All three fall below the expected background diversity sizes given their respective clade age (Fig. 4) .
DISCUSSION
Phylogeny and Divergence Time Estimation
Our molecular dating analyses estimate that the root of the Pauropsalta complex originated 43.9-20.9 Ma (Fig. 2) , which is similar to the predicted time interval for the opening of the Drake Passage (45-22 Ma). No fossils 580 SYSTEMATIC BIOLOGY VOL. 66 FIGURE 2. Chronogram estimated in r8s using a rate prior of 2.3%/Ma with the BiSSE results. Dashed branches are those species that have a distribution that includes the arid zone. Results of the ML BiSSE ancestral character reconstruction at the root. BiSSE posterior distributions of diversification rate for "arid" taxa and "mesic" taxa. Solid line through each distribution marks the ML estimate. Bars below each distribution are the 95% credible interval. Nodes labeled with 7+ "letter" refer to Figure 8 marking the biogeographic splits. ML phylogram of mtDNA+nDNA data set in left margin included to show substitutions/site branch lengths (see Supplementary Fig. S1 , available on Dryad for fully labeled ML and Bayesian support values). Note: Competing models are compared using the likelihood ratio test and the favored model highlighted in gray.
exist to calibrate our chronogram so we used a single rate calibration supported by divergence time analyses for the tribe Cicadettini to which Pauropsalta belongs (Marshall et al. 2016) . Marshall et al. (2016) estimated the Pauropsalta complex originated 35.8-21. 4 Ma using an extrapolated EF1a clock, which overlaps considerably with our estimated root height based on a COI clock rate.
In a larger study of the entire tribe Cicadettini to which the Pauropsalta complex belongs, a generic lineage from New Caledonia is sister to a large clade of Cicadettini genera (Marshall et al. 2016) , and this relationship was used to provide a geological calibration for divergencetime analysis of the tribe. Recent studies suggest that the endemic fauna of New Caledonia is younger than 37 Ma (Grandcolas et al. 2008; Espeland and Murienne 2011) and that, prior to 37 Ma, New Caledonia was submerged 582 SYSTEMATIC BIOLOGY VOL. 66 FIGURE 4. Expected species diversities for each genus (number of species since origination) estimated under background diversification and assuming no extinction (ε = 0) and high extinction (ε = 0.9) using Magallon and Sanderson's method (2001) . The x-axis shows time before present in millions of years. The y-axis shows the number of species.
for a period of time in the Paleocene and in the Eocene (Grandcolas et al. 2008; Espeland and Murienne 2011) . Because the New Caledonian clade is connected to the Cicadettini tree by a very short branch, the lineage is unlikely to have existed outside of Australia for long prior to the emergence of New Caledonia. No relevant fossils, specimen records, or extant populations exist outside of New Caledonia.
With the addition of 18 undescribed taxa, the Pauropsalta complex phylogeny did not drastically change from a previous molecular study designed to explore the informativeness of genes (Owen et al. 2015) . For example, the genus Pauropsalta is not supported in our molecular phylogeny, although there is support for monophyly based on morphology (Owen and Moulds 2016) (Supplementary Fig. S1 , available on Dryad). One potential cause of the poor support may be the short branch at the base of the genus suggesting a rapid radiation ( Supplementary Fig. S1 , available on Dryad). The potential age of the genus Pauropsalta is estimated to be between 39.6 Ma and 19.7 Ma (Fig. 2) , which includes the range of dates proposed for the opening of the Drake Passage that triggered the subsequent cooling and drying of the southern hemisphere. This cooling event may have been severe enough to cause a major extinction event followed by rapid cladogenesis over a short time interval while temperatures were rebounding as species diversified into new empty niches. However, our diversification analyses do not show support for changes in diversification rate during this time interval (Table 4) and none of the Pauropsalta complex genera show any extraordinary clade diversity that may be attributed to a rapid radiation (Fig. 4) . Therefore, additional sequence data are needed to resolve the base of the clade and confirm or reject the monophyly of Pauropsalta. The source of the poor support on the molecular trees is the uncertainty in the root of the Pauropsalta complex and the placement of the clade containing Pau. mneme and Pau. "nr mneme". This clade moves from being the sister of the Pauropsalta clade to being the sister of the clade containing Gudanga and Uradolichos ( Supplementary  Figs. S1 and S2, available on Dryad).
Ancestral Biome: Mesic or Arid?
Prior to the first opening of the Drake Passage and the glaciation of Antarctica, Australia was dominated by mesic habitat. Following the expansion of the Antarctic ice sheets in the Oligocene, Australia's biota began to change to dry-adapted flora and fauna. Since Australia was primarily composed of mesic habit before ∼33 Ma, lineages that are estimated to be this age or older should be of mesic ancestry (Byrne et al. 2011) . Our ancestral state reconstruction supports this hypothesis. The ancestral lineage is estimated to be of mesic origin with PP = 0.93 (Fig. 2) . This is congruent with other studies of Australian insects that are at least 33 Ma (Braby et al. 2005; Braby and Pierce 2007; Byrne et al. 2011 ).
Our mapping effort shows that 39 of the 162 species examined here have successfully colonized the arid zone. Although only ∼24% of the species inhabit the arid zone, the rate at which species enter the arid zone, given our chronogram, is r mesic−>arid = 1.24e −2 and is greater than the rate at which species leave the arid zone, r arid−>mesic = 7.99e −3 (Fig. 2) . The ∼1.5× lower rate from arid to mesic is indicative of a formidable barrier to adaptation, dispersal, and speciation. The majority of the Pauropsalta complex relies upon eucalypts as a host and as the arid zone grew larger, the number of eucalypts in central Australia decreased. Some arid zone Pauropsalta lineages have successfully adapted to feeding on spinifex grasses, which are widely distributed across the most arid desert regions. Other Pauropsalta have essentially become trapped on the remaining eucalypts, which follow narrow habitat patches along widely spaced rivers, making dispersal to mesic areas more difficult. Below we provide examples of Pauropsalta complex species that have been trapped in the arid zone and feed on eucalypts.
In light of recent findings in studies examining the limits of the BiSSE model, our BiSSE results should be taken with a bit of caution. Recent studies suggest that the distribution of binary characters on a phylogeny and the number of terminal taxa severely affect the power of the BiSSE analysis (Davis et al. 2013) while BiSSE results are susceptible to Type I error due to trait low transition rates and within lineage pseudoreplication (Maddison and FitzJohn 2015; Rabosky and Goldberg 2015) Although our tip bias is low (> 10%; 39 arid species/123 mesic species) (Davis et al. 2013) , our BiSSE result of ∼1.5× transition rate difference between binary characters with the 162 species phylogeny (Fig. 2) suggests low statistical power to infer model parameters (Davis et al. 2013 ) Furthermore, species coded as "arid" account for ∼24% of the sampled taxa, which simulations also suggest is a low enough number to produce low statistical power (Davis et al. 2013) .
Diversification
The origin of the arid zone has triggered some amazing adaptive radiations. For example, the agamid lizards (Harmon et al. 2003; Rabosky et al. 2007) , acacias , and grasses (Crisp et al. 2004 ) have adapted to desiccated environments and have shown an increase in diversification rate upon entering the arid zone (e.g., Rabosky et al. 2007 ). The Pauropsalta complex did not diversify through Australia according to a single-rate speciation model ( Fig. 3 and Supplementary  Fig. S4 , available on Dryad); the cicada lineages that were able to invade the arid zone did not diversify at a rapid rate similar to the lizards, acacias, and grasses. Instead, the number of cicada species in clades with aridadapted taxa is similar to non-arid clades of the same age and our largest groups of arid-adapted cicadas contain only seven to eight species. In fact, when comparing mesic-and arid-distributed cicada taxa, diversification rates are nearly equal with the 95% credible interval of the arid posterior density including the 95% credible interval of the mesic posterior density (Fig. 2) . However, one genus, Falcatpsalta, is depauperate for its clade age compared with the expected number of species based on the background diversification rate of the Pauropsalta complex (Fig. 4) .
A few scenarios may explain the relatively low rate of diversification in some arid-adapted cicadas compared with other arid-adapted biota. First, the majority of taxa that inhabit the arid zone have origination times of 22-11 Ma (Fig. 2) . This is around the time that Australia experienced a cooling event caused by a drop in global CO 2 levels (DeConto and Pollard 2003), the full development of the ACC (Lyle et al. 2007) , and the expansion of the east Antarctic ice sheet (McGowran et al. 2004 ). The arid taxa, which are represented by small lineages or single species, were most likely isolated in central Australia due to floral change. Cicadas are dependent on plant xylem for nutrients and the decline in vegetation must have affected their population sizes and distributions. The patchiness of vegetation in the arid zone may act as dispersal barriers for many of these taxa (Williams 1982) . Minute changes in surface elevation can shift rainfall drainage patterns and produce markedly different vegetation assemblages, that are so different from those to which they are currently adapted that the cicadas are unable to diversify into adjacent arid zone habitats (Wilson and Leigh 1964; Williams 1982) .
Extinction probably also played a significant role in the relatively low diversification rate of arid zone taxa. The most extreme aridity has occurred in the last 5 Ma (Fujioka et al. 2009 ) and the harsh climate during this time suggests lineages in the arid zone most likely experienced extinction.
Our analyses suggest Falcatpsalta "mouldsi" is a species that has been isolated due to the aridification of Australia. This species is restricted to the MacDonnell Ranges in central Australia (Owen and Moulds 2016) (Fig. 5d) . It lives on eucalypts that are able to survive on an oasis in the arid zone due to a constant source of water supplied by the ranges. The vegetation changes drastically as one moves away from the ranges and consists of Acacia and spinifex grass; therefore, this habitat can be considered a partly mesic island in a sea of arid scrub with some more recent non-mesic plant arrivals such as palms and cycads (Ingham et al. 2012; Kondo et al. 2012) . This cicada species is most likely prevented from dispersing due to its inability to adapt to the surrounding flora. The presence of eucalypts and water has allowed this species to survive in an otherwise arid environment. This case, an "arid zone" taxon inhabiting a micro-refuge of mesic habitat, also illustrates the challenge of categorizing species into aridand mesic-adapted classes.
Although our phylogeny suggests that some aridadapted taxa have not diversified since the Oligocene (Fig. 2) , or have experienced extinction events that cancelled earlier speciation, some lineages in the arid zone have gone through cladogenesis since that time. These lineages include some Gudanga species living on Acacia in Western Australia, Neopunia species living primarily on arid-adapted grasses (Moulds 2012) (Fig. 2) , and a subclade within the genus Pauropsalta that also (Owen and Moulds 2016) (Fig. 2) . The overall tempo of diversification in the Pauropsalta lineage was estimated by fitting the branching times of the chronogram to a series of time-constant and time-varying diversification rate models (column headings, Table 3 ) using the models of Morlon et al. (2010) (Table 3 ). The result of this analysis suggests this group of cicadas diversified through Australia according to a birth-death model with constant speciation and varying extinction (Table 3) . Taking into account the historical climate events of Australia, this model is plausible. Given the three major cooling and drying events since the Oligocene and the shrinking mesic biome, a single rate of extinction would be unlikely. Although this model was chosen based on its AICc score, other diversification models received similar AICc values including a constant rate birth-death model and a constant rate Yule model (Table 3) . Our additional diversification rate analyses do not support constantrate models that received similar AICc values as the best-scoring model. For example, the MCCR test, while accounting for missing taxa, does not support the singleconstant-rate model. Furthermore, a single constant rates birth-death model is not supported by the stepwise fit of multiple birth-death models (described below) (Table 3) . Therefore, we are inclined to favor the hypothesis that the Pauropsalta complex evolved through time according to a single birth rate and varying death rate against the background of the aridification of Australia.
Correlation between Diversification and Climate Change
Finding a correlation between changes in diversification rates and historical climate events can provide insight into potential causes of diversification rate change and thus the origin of biodiversity. To identify time-dependent diversification rate changes in the Pauropsalta complex, we fit a series of birth-death models (Stadler 2010) to the consensus tree of the divergence time analysis (Table 4) . The results suggest a three-rate model with transition times between different birth-death rates occurring at 13 and 3 Ma (Table 4) . These times are congruent with two of the three cooling events that occurred in Australia since the Oligocene. At ∼15 Ma the east Antarctic ice sheets expanded, thus cooling Australia and expanding the area of the arid zone (McGowran et al. 2004 ). Crisp and Cook (2007) found that plant taxa with sister species distributed in the SW and SE temperate zones were estimated to have been separated by the Nullarbor Plain ∼15 Ma. Crisp and Cook (2007) only looked at temperate-mesic adapted taxa, while our phylogeny includes taxa from all biomes; therefore, taxa distributed in the arid zone and monsoonal tropics may have contributed to the decreasing diversification rate (constant extinction with decreasing speciation rate or constant speciation with an increasing extinction rate) as well. Although our group of cicadas shows a decrease in diversification rate associated with this cooling event, a study of plant host specialist butterflies (Braby and Pierce 2007) does show an increase in diversification rate 10-5 Ma. The reason for this diversification rate change is uncertain (Braby and Pierce 2007) .
The second change in diversification rate in our chronogram occurs at 3 Ma. The turnover rate between 3 Ma and the present is much greater than the previous two turnover-rate changes between diversification events (Table 4) . This is not surprising because this is hypothesized to be the most severely arid interval in Australia's history leading to the formation of the present day sandy and gibber deserts (Fujioka et al. 2005) . There is one example in the literature of a host-dependent insect experiencing an increase in diversification during this time period. A group of gall-inducing thrips experienced an increase in diversification ∼3 Ma after switching hosts to an arid-adapted Acacia (McLeish et al. 2007 (McLeish et al. , 2013 . This is similar to the radiation of Australian scincid lizards where an adaptation to the arid environment resulted in an increase in diversification rate. As stated previously, various species within the Pauropsalta complex have adapted to arid plant taxa, particularly to spinifex hummock grasses; however, they have failed to explosively radiate based on our sampling. The type of plant host and its distribution within the arid zone may explain this, but additional sampling of both is needed for further investigation.
Signatures of Aridification and Vicariance Biogeography
Cenozoic climate shifts in Australia have generated potential vicariance barriers that may have resulted in allopatric speciation events in Australian birds (Keast 1961; Ford 1974; Cracraft 1982 Cracraft , 1986 Lee and Edwards 2008) . Cracraft (1982) proposed 10 potential barriers based on the distributions of selected bird taxa and the branching patterns in their respective cladograms ( Supplementary Fig. S5 , available on Dryad). These barriers include the arid zone, marine incursions, and other bodies of water (Cracraft 1982) . Here, we compare the distributions of 162 species of Australian cicadas and their chronogram to identify the signature of these events and their correlation with Australia's historical cooling events. Although we did not identify all 10 barriers with our distributional data, below we describe those that relate to the aridification of central Australia and more recent severe aridification and the formation of sandy and stony deserts. Additional potential barriers identified and their congruence and/or incongruence with our data are discussed in Supplementary Text S6, available on Dryad. Cracraft (1982) identified multiple potential vicariance barriers within the arid zone with the oldest separating taxa distributed in the monsoonal biome taxa from those in the central arid biome and southwest temperate biome (Cracraft 1982) . Our phylogenies recover three VOL. 66 examples of this distribution with the first being Pau. infuscata ( Supplementary Fig. S1 , available on Dryad), a single species in the southwest, sister to a large clade of cicadas distributed in the northern half of Australia (Fig. 5a ). This node is supported by BI (PP = 1.00) ( Supplementary Fig. S1 , available on Dryad), with a divergence time of 35.3-16.8 Ma (Fig. 2) . The next two examples include taxa separated by the arid zone on the east and west ( Supplementary Figs. S5H and S5I, available on Dryad). The first are two species include Pau. mneme and an undescribed species (Pau. "nr mneme"), separated by the arid zone and a marine transgression and sharing a most recent common ancestor 31.8-15.1 Ma (Figs. 2 and 5b) . The last example includes the genus Gudanga (Fig. 5c ), which exhibits a divergence between southwestern and eastern clades that was dated to 25.4-12.4 Ma (Fig. 2) . These times follow the opening of the Drake Passage and acceleration of the speed of the ACC (Lyle et al. 2007 ), respectively, and support the hypothesis that this climate event created a barrier to gene flow between the east and west. Although we have found three lineage pairs separated by the arid zone, we cannot rule out the effects of the two more recent cooling events (McGowran et al. 2004) , especially since some of the divergence time intervals above overlap with the second cooling event ∼15 Ma. These more recent climate events may have led to the extinction of taxa distributed throughout the arid zone; however, without fossils, this would be difficult to test.
The Aridification of Central Australia
In addition to identifying related taxa distributed on either side of the arid zone, we have also identified a split between a taxon in central Australia and a taxon distributed in the eastern temperate zone (Fig. 5d) . Previous studies have identified central Australia as a habitat that includes relictual taxa (Keast 1981; Maconochie 1981; Morton et al. 1995; Latz 1996 , but see Ingham et al. 2012, p. 113) . The MacDonnell Ranges and the Fincke River provide a near year-round source of water; however, as one moves away from the ranges the habitat becomes extremely arid, supporting desert-adapted flora. The species located in this area, F."mouldsi", feeds on eucalypts that have been able to survive due to the constant water source. Furthermore, F. "mouldsi" is most closely related to F. aquilus, which also feeds on eucalypt in eastern Queensland. Falcopsalta "mouldsi", according to our tree topology (but not supported in any of the analyses, Supplementary Figs. S1 and S2, available on Dryad), might share a most recent common ancestor with F. aquilus 30.4-14.7 Ma (Fig. 2) . These times roughly correspond to the earliest cooling event ∼30 Ma and the second cooling event ∼15 Ma (McGowran et al. 2004) . Based on our sampling and time estimates, F. "mouldsi" represents a relict species that became isolated during the aridification of Australia approximately 15 Ma.
Formation of Sandy and Stony Deserts
Sandy deserts have been estimated to have formed ∼1 Ma, while the origin of stony deserts are estimated at 4-2 Ma (Fujioka et al. 2005 (Fujioka et al. , 2009 ). Our distributions show sister species, Pau. extrema and Pau. similis, separated by the Great Sandy Desert in northwest Australia (Fig. 5f ). The Great Sandy Desert separates the Kimberley region in the northwest from the Pilbarra region in the central west. Pauropsalta extrema and Pau. similis are estimated to have diverged from 20.3 Ma to 10.2 Ma (Fig. 2) , much earlier than the estimated time of formation of dune fields in Australia. The age of this split is congruent with the cooling event occurring ∼15 Ma due to the expansion of the Antarctic ice sheets. Although dune fields were not formed as a result of this climate event, it is likely this region of Australia began to aridify at this time. The low-lying Great Sandy region has likely been more uniformly and extremely arid than the more topographically complex Pilbara and Kimberley regions throughout the process of aridification. The decrease in vegetation within this region likely occurred just after the time of the cooling event and created a barrier between these two species.
Conclusion
Our study of the largest and most widespread cicada species complex in Australia joins the ranks of just a handful of studies that examine continent-wide Australian biogeography. Our analyses suggest climate shifts since the Oligocene have affected diversification in the Australian Pauropsalta cicada complex and that the diversification rate has decreased twice during this period. The signatures of decreasing diversification rate roughly correspond to the times of the east Antarctic ice sheets expanding (∼15 Ma) and the time of the start of northern hemisphere cooling prior to Pleistocene glaciation ∼3 Ma. Those species that have adapted to arid zone plants have diversified, but at a much slower rate compared with the spectacular adaptive radiations found in agamid lizards and Eucalyptus trees, assuming that we have successfully compensated for observed inflation of divergence times in our molecular clock analysis. There are signatures of aridification in the distributions of sister species or sister groups; however, the age of the Pauropsalta complex and the geographic taxon sampling may not be ideal to identify many of the vicariant barriers in Cracraft (1982) . Additional comparisons of diversification and biogeography in groups of similar ages are needed to fully understand the effects of historical climate change in Australia. 
